Introduction {#Sec1}
============

Since the 1980s, patients with unresectable, metastatic, and relapsed pheochromocytoma and paraganglioma (refractory PPGL) have been widely treated with radioisotope \[^131^I\]meta-iodobenzylguanidine (^131^I-mIBG) radiotherapy to cure or control inoperable tumors^[@CR1]^. Through active uptake via norepinephrine transporter or passive diffusion, the mIBG radioisotope, a guanethidine analog resembling norepinephrine, can enter chromaffin cells where it is stored in catecholamine-containing neurosecretory granules, leading to the anticancer effect of ^131^I-mIBG therapy on lesions^[@CR2]--[@CR5]^.

In combination with surgery, external radiotherapy in the form of ^131^I-mIBG therapy has been performed to eradicate tumors. PPGLs occur in 2--8 per million persons per year and refractory PPGLs are very rare, occurring in 10--30% of PPGL cases^[@CR6]--[@CR8]^. Although ^131^I-mIBG therapy has been in use for over 30 years, researchers have conducted only a few phase clinical trials in patients with refractory PPGL regarding its safety and efficacy. Two phase II trials of high-dose ^131^I-mIBG therapy requiring preparation of autologous hematopoietic stem cell rescue for the severe adverse effect of bone marrow suppression^[@CR9],[@CR10]^ and one phase I trial of a high-specific activity of ^131^I-mIBG therapy^[@CR11]^ exist. No other phase trial confirming the safety and efficacy of ^131^I-mIBG therapy has been conducted^[@CR12]^. A wide range of response rates to ^131^I-mIBG therapy on imaging (0--83%) and in hormonal examinations (20--100%) in patients with refractory PPGL was reported in a meta-analysis of retrospective studies^[@CR13]^.

This phase I trial in a multi-center setting was conducted to assess the safety, dose-limiting toxicity (DLT), and efficacy of ^131^I-mIBG therapy in patients with refractory PPGL.

Results {#Sec2}
=======

We enrolled 20 patients between February 2016 and July 2017 (Table [1](#Tab1){ref-type="table"}). After the patients' initial diagnoses of PPGLs refractory to therapy, 5.14 ± 4.90 years (range: 0.3--17.8 years) had passed. We described refractory PPGLs with severe local invasion at initial diagnosis (25%, 5/20), metastasis at initial diagnosis (25%, 5/20), local recurrence after surgical resection (20%, 4/20), and metastasis after surgical resection (65%, 13/20).Table 1Characteristics of patients.Sex (M:F)14:6Age51.2 ± 14.4 (range: 21--76) yearsDiagnosis     Pheochromocytoma:paraganglioma13:7     Complications18 (90.0%)     Hypertension11 (55.0%)     Tachycardia1 (5.0%)     Arrhythmia2 (10.0%)     Orthostatic hypotension1 (5.0%)     Headache3 (15.0%)     Palpitation1 (5.0%)     Cold sense1 (5.0%)     Constipation4 (20.0%)Symptom     Headache2 (10.0%)     Epigastric pain1 (5%)     Anginal pain1 (5%)     Palpitation2 (10.0%)     Frigidity2 (10.0%)     Nausea and vomiting5 (25.0%)     Constipation5 (25.0%)Laboratory examinations (range, outside of normal range (%))     White blood cell (\*10^3^/mm^3^)5.5 ± 1.6 (range: 3.0--9.6, 10.0%)     Platelets (\*\*10^4^/mm^3^)20.3 ± 6.7 (range: 12.9--38.5, 20.0%)     Hemoglobin (g/dL)13.4 ± 1.5 (range: 11.0--16.6, 30.0%)     eGFR (mL/min/1.73 m^2^)76.4 ± 21.3 (range: 46.4--131.87, 30.0%)     HbA1c (%)5.7 ± 0.7 (range: 5.1--7.8, 15.0%)     BNP (pg/mL)21.6 ± 35.8 (range: 4.0--165.9, 35.0%)     Plasma adrenaline (ng/mL)1.5 ± 3.3 (range: 0.005--12.0, 25.0%)     Plasma noradrenaline (ng/mL)76.4 ± 168.1 (range: 0.1--563.0, 55.0%)     Plasma dopamine (ng/mL)2.0 ± 4.4 (range: 0.005--14.0, 35.0%)     Urinary adrenaline (μg/day)16.3 ± 36.8 (range: 0.5--163.2, 15.0%)     Urinary noradrenaline (μg/day)545.3 ± 1162.6(range: 87.6--5310.0, 75.0%)     Urinary dopamine (μg/day)1311.5 ± 936.7(range: 460.0--4000.0, 45.0%)     Urinary metanephrine (mg/day)0.4 ± 1.0 (range: 0.01--4.62, 35.0%)     Urinary normetanephrine (mg/day)6.8 ± 14.6 (range: 0.15--52.0, 80.0%)     Urinary vanilylmandelic acid (mg/day)16.0 ± 31.3 (range: 3.1--139.0, 55.0%)     Urinary homovanillic acid (mg/day)4.5 ± 1.4 (range: 2.7--9.5, 10.0%)eGFR: estimated glomerular filtration rate; HbA1c: hemoglobin A1c; BNP: brain natriuretic peptide.

We administered ^131^I-mIBG therapy at doses of 7.4 and 5.55 GBq to patients at first treatment in this study. All patients were evaluated for response assessment. We performed a second and third course of ^131^I-mIBG therapy in eight (40%) and three (15%) patients, respectively. We treated two patients following our protocol (10%). However, the protocol was stopped in 18 patients (90%) as the attending physicians decided on discontinuation (12/20, 60%), based on PD in scintigraphic response (2/20, 10%), PD in best overall response based on Response Evaluation Criteria in Solid Tumors (RECIST) (1/20, 5%), PD in both scintigraphic response and overall response based on RECIST (1/20, 5%), and proposed discontinuation of therapy (not related to adverse events) (2/20, 10%).

Safety evaluation {#Sec3}
-----------------

We found no DLT in any patient. Although all patients had adverse events and adverse reactions, there was no death event within 6 months after enrollment. However, one patient died due to disease progression during the study period (5%).

The adverse events and reactions occurring at any grade in ≥50% of patients were in Table [2](#Tab2){ref-type="table"}. The observed rate of adverse events and reactions did not differ between each course of ^131^I-mIBG therapy. We encountered no grade 4 adverse event in this study. We observed no unexpected changes in investigations, vital signs, and physical signs.Table 2Safety evaluation of ^131^I-mIBG therapy.Adverse events by SOC     Investigations19/20, 95.0%     Gastrointestinal disorders17/20, 85.0%     Metabolism and nutrition disorders14/20, 70.0%     General disorders and administration site conditions10/20, 50.0%Adverse events by PT     Thrombocytopenia15/20, 75.0%     Loss of appetite14/20, 70.0%     Lymphopenia13/20, 65.0%     Nausea11/20, 55.0%     Leukopenia10/20, 50.0%Adverse reactions by PT     Thrombocytopenia15/20, 75.0%     Loss of appetite14/20, 70.0%     Lymphopenia13/20, 65.0%     Nausea10/20, 50.0%     Leukopenia10/20, 50.0%SOC: system organ classification, PT: preferred term.

Response evaluation {#Sec4}
-------------------

The best overall response rate based on RECIST was 10% (2/20) in complete response (CR), 65% (13/20) in stable disease (SD), 15% (3/20) in progressive disease (PD), and 10% (2/20) in not evaluated (NE). The response rate \[partial response (PR) + CR\] was 10% \[95% confidential interval (CI): 1.2--31.7%\] (Table [3](#Tab3){ref-type="table"}).Table 3Response evaluation.NoRegistration dataRefractory Pheochromocytoma/ParagangliomaResponse to ^131^I-mIBG therapyBOR based on RECISTCE based on ^123^I-mIBG scintigraphy1^st^ course2^nd^ course3^rd^ course12.29.2016PheochromocytomaSDCR------23.4.2016PheochromocytomaSDPRPRPR33.17.2016ParagangliomaSDPRSDPR45.11.2016PheochromocytomaNEnon-CR/non-PDPD---55.18.2016ParagangliomaSDPR------66.9.2016ParagangliomaPDPD------77.13.2016PheochromocytomaCRCRCR---87.29.2016ParagangliomaSDSDSD---97.29.2016PheochromocytomaSDSDSDPR1010.6.2016PheochromocytomaPDPD------1110.13.2016ParagangliomaPDPD------1210.24.2016ParagangliomaSDPD------1311.24.2016PheochromocytomaCRPRPR---141.13.2017PheochromocytomaSDSDSD---152.6.2017PheochromocytomaSDSD------162.9.2017PheochromocytomaSDPR------172.10.2017PheochromocytomaSDSD------183.1.2017PheochromocytomaNESD------194.21.2017PheochromocytomaSDSD------207.14.2017ParagangliomaSDSD------mIBG: meta-iodobenzylguanidine; BOR: best overall response; CE: comprehensive evaluation; RECIST: Response Evaluation Criteria in Solid Tumours; CR: complete response; PR: partial response; NE: not evaluated; PD: progression disease; SD: stable disease.

The scintigraphic response in the first course was 10% (2/20) in CR, 25% (5/20) in PR, 40% in SD (8/20), 20% in PD (4/20), and 5% in non-CR/non-PD (1/20). Response rate (PR + CR) was 35% (95% CI: 15.4--59.2%).

Eight patients received a second course of ^131^I-mIBG therapy. The scintigraphic response in the second course was 5% in CR (1/20), 10% in PR (2/20), 20% in SD (4/20), 5% in PD (1/20), and 60% in unknown (12/20). The response rate was 15% (95% CI: 6.0--61.0%).

Three patients received a third course of ^131^I-mIBG therapy. There were three patients with PR (15%) and 17 patients with unknown (85%) in the scintigraphic response. The response rate was 15% (95% CI: 29.2--100.0%).

There was no death within 6 months of enrollment and overall survival (OS) rate was 100%. We did not determine the median OS statistically due to no death event. Four patients had progression events during the 6 months since enrollment and progression-free survival (PFS) at 6 months was 80.0%. In the follow-up period, five patients had disease progression and we did not determine median PFS statistically because we observed too few events.

Discussion {#Sec5}
==========

In this phase I multi-institutional clinical trial, along with the standardized treatment protocol, we evaluated the safety and efficacy of ^131^I-mIBG therapy for 20 patients with refractory PPGLs. We observed no DLT, defined as grade ≥ 4 hematological toxicity and grade ≥ 3 non-hematological toxicity, in our trial. There are no reports of prospective trials for the evaluation of adverse effects and reactions and our data agreed with previous reports of toxicities. Although selection bias might have occurred in retrospective cohort studies---especially for rare diseases---those studies revealed that the incidence of grade 3 or higher adverse reactions was quite low and grade 4 hematological toxicity had never occurred at the fixed dose of 7.4 GBq of ^131^I-mIBG^[@CR14]--[@CR16]^. Herein, we showed the tolerance without DLT of ^131^I-mIBG therapy.

The response rate (CR + PR) in our trial was 10.0% (95% CI: 1.2--31.7%) based on RECIST and 35% (95% CI: 15.4--59.2%) based on ^123^I-mIBG scintigraphy. These are comparable with those obtained in a review of 116 patients with malignant PPGLs^[@CR14]^. The initial response rate (CR + PR) in the review of radiological abnormality and diagnostic ^131^I-mIBG scintigraphy was 30% of the patients. Based on both our data and previous reports, we consider that a response rate for ^131^I-mIBG therapy based on imaging modalities would be approximately 10--30%.

We were able to safely administer 7.4 GBq of ^131^I-mIBG therapy two or three times with no difference in the rate of adverse events compared with that of the first course of ^131^I-mIBG therapy (mean cumulative ^131^I-mIBG therapy dose: 11.4 ± 5.7 GBq). A previous review reported the repeated ^131^I-mIBG therapy with a mean single therapy dose of 5.8 GBq; the number of times the ^131^I-mIBG therapy was repeated ranged from 1 to 11 (mean: 3.3 ± 2.2 times), and the cumulative^131^I-mIBG therapy dose was 3.6--85.9 GBq (mean: 18.1 ± 13.0 GBq)^[@CR14]^. The common total administered activity of repeated ^131^I-mIBG varied between 10 and 40 GBq^[@CR17]^. In a Japanese multi-center observation study, 31% of patients received repeated ^131^I-mIBG therapy of individual doses ranging from 3.7 to 14.8 GBq without severe adverse effects^[@CR15]^. Our trial and these previous reports support the claim that the adverse effects of repeated ^131^I-mIBG therapy are tolerable.

Systemic treatment regimens for refractory PPGLs have not yet been standardized^[@CR18]^, and the optimal timing for starting ^131^I-mIBG therapy remains under investigation. We confirmed here the safety and favorable tolerance of ^131^I-mIBG therapy. There are some arguments for promoting the use of ^131^I-mIBG therapy at an earlier stage: (1) due to disease progression, including tumor cell dedifferentiation, loss of specific neurotransmitter transporters, and gene expression, mIBG does not accumulate in parts of PPGL lesions^[@CR19]--[@CR24]^; and (2) sometimes, refractory PPGLs rapidly progress within a few months or years after initial diagnosis. Of course we should consider that some patients could live for \>10 years in a status of stabilization^[@CR25],[@CR26]^ regardless of the 5-year survival rate of 40--50%^[@CR19],[@CR27],[@CR28]^. However, due to the demonstrated safety and tolerance of ^131^I-mIBG therapy, our trial would support the early induction of ^131^I-mIBG therapy after the initial diagnosis of refractory PPGLs.

There are few limitations of this study. First, follow-up period was insufficient to monitor long-term side effects; patients need to be carefully followed for hypothyroidism and a second occurrence of malignancy. Second, we did not evaluate improvements in catecholamine values and clinical symptoms as endpoints. Third, the number of patients was small. This limitation was difficult to overcome, given the relatively few patients with refractory pheochromocytoma who met the inclusion criteria. Thus, repeated ^131^I-mIBG therapy needs to be investigated in a larger, multicentric prospective study.

Conclusions {#Sec6}
===========

We showed the safety and efficacy of ^131^I-mIBG therapy in patients with refractory PPGLs during 20 weeks after the injection, indicating that ^131^I-mIBG therapy has a tolerability. We observed no case of grade 4 toxicity in repeated ^131^I-mIBG therapy. In addition, repeated ^131^I-mIBG therapy could be performed without severe adverse events in patients with refractory PPGLs.

Methods {#Sec7}
=======

Study outline {#Sec8}
-------------

Following the previously published study protocol^[@CR12]^, we enrolled 20 patients with refractory PPGLs in this study. We screened the patients in accordance with both inclusion and exclusion criteria and gave the registered patients fixed doses of 5.55 GBq or 7.40 GBq of ^131^I-mIBG. We surveyed the occurrence of adverse events during the 20 weeks after ^131^I-mIBG injection and reported all severe adverse events in detail. We performed both examinations and imaging diagnosis 12 weeks after ^131^I-mIBG injection to evaluate the therapeutic effect. We administered the next course on finding neither severe adverse reactions nor progression of the disease during the previous course.

Ethical considerations and registration {#Sec9}
---------------------------------------

We conducted this study in accordance with the International Committee for Harmonization Good Clinical Practice (ICH---GCP) guideline and the Declaration of Helsinki. The institutional review boards of all participating institutions (Kanazawa University ethics committee, Gunma University ethics committee, Kagoshima University ethics committee, and Hokkaido University ethics committee) approved the study protocol. All patients provided informed consent before registration. This study was registered with UMIN Clinical Trials Registry (UMIN000018497) and the date of registration was July 30, 2015.

Collaborative institutions {#Sec10}
--------------------------

Currently, four institutions have the facilities to perform ^131^I-mIBG therapy in Japan in patients with refractory PPGL. This study was conducted at all these institutions---Kanazawa University Hospital, Gunma University Hospital, Hokkaido University Hospital, and Kagoshima University Hospital. Each of these institutions had at least one physician of nuclear medicine certified by the Japanese Society of Nuclear Medicine.

Endpoint {#Sec11}
--------

In this study, our primary endpoint was DLT. Toxicities were graded according to the National Cancer Institute Common Terminology Criteria for Adverse Events (CTCAE) version 4.0. We defined DLT as follows: grade ≥ 4, hematological toxicity; grade ≥ 3, non-hematological toxicity except for grade 3 nausea, vomiting, anorexia, and hypertension. We evaluated DLT during the first 12 weeks after the first ^131^I-mIBG injection.

Our secondary endpoints were response rates according to RECIST 1.1^[@CR29]^ and scintigraphic evaluation of ^123^I-mIBG, OS, PFS, and adverse event/reaction.

Response evaluation {#Sec12}
-------------------

We performed primary response assessment at 20 weeks after enrollment. We graded the overall best responses based on computed tomography (CT) and ^123^I-mIBG scintigraphy.

We graded the CT response using the RECIST for measurable soft tissue disease and the sum of longest diameters (sLD) measured at study entry. For target lesions, we defined CR as the disappearance of all target lesions and reduction in the short axis of any pathological lymph node to \<10 mm. We defined PR as a decrease of ≥30% in the sLD, SD as change that did not meet the definition of PR or PD, and PD as an increase of at least 20%, with the sum also demonstrating an absolute increase of at least 5 mm in the sLD or at a new site. For non-target lesions, we defined CR as the disappearance of all target lesions, with all lymph nodes of a non-pathological size with a short axis of \<10 mm and the normalization of serum and urine catecholamine values. We interpreted residual radiographic abnormality as representing either fibrosis or scarring. We defined non-CR/non-PD as the persistence of one or more non-target lesions and serum and urine catecholamine values greater than the upper limit of the normal value. We defined PD as the unequivocal progression of existing non-target lesions. When, for any reason, examination was not performed, we defined the patient with the target or non-target lesions as NE. We performed comprehensive evaluation based on RECIST (Table [4](#Tab4){ref-type="table"}). After the ^131^I-mIBG therapy, we evaluated the best overall response criteria based on RECIST (Table [5](#Tab5){ref-type="table"}).Table 4Comprehensive evaluation based on RECIST.Target lesionNon-target lesionNew lesionCECRCRNoCRCRnon-CR/non-PDNoPRCRNENoPRPRnon-PD or NENoPRSDnon-PD or NENoSDNENon-PDNoNEPD------PD---PD---PD------YesPD---CRNoCR---non-CR/non-PDNonon-CR/non-PD---NENoNE---PD---PD------YesPDCE: comprehensive evaluation; RECIST: Response Evaluation Criteria in Solid Tumours; CR: complete response; PR: partial response; NE: not evaluated; PD: progression disease; SD: stable disease.Table 5RECIST best overall response criteria.CEBOR1st mIBG therapy2nd mIBG therapy3rd mIBG therapyCR or PRSDPDSDCR or PRSDNESDCR or PRPD---PDCR or PRNENENECR or PRNESDSDSDPD---PDSDSDPDSDSDNEPDPDNENEPDPDNENENENENENEPDPDCE: comprehensive evaluation; BOR: best overall response; RECIST: Response Evaluation Criteria in Solid Tumours; mIBG: meta-iodobenzylguanidine; CR: complete response; PR: partial response; NE: not evaluated; SD: stable disease; PD: progressive disease.

We evaluated the scintigraphic response for target and non-target lesions, with target lesions meeting the following criteria: 1) a lesion must be confirmed clearly on ^123^I-mIBG whole body scintigraphy; (2) a lesion must be confirmed clearly on ^123^I-mIBG single photon emission tomography (SPECT); (3) a lesion must be observed on CT; and (4) a background region must be set on the SPECT image. We also recorded other non-target lesions. We measured the increased rate of mean count (IR~mean~) and maximum count (IR~max~) on target lesions using the following method: IR = (count in target region − count in background region)/count in background lesion. We defined background regions as follows: (1) liver---if a target lesion was in the liver and liver uptake was normal; (2) ipsilateral area---if a lesion was not in the midline and ipsilateral uptake was normal; (3) thigh---if a lesion was not in the thigh and abnormal uptake was -not observed; and (4) intracranial cavity---if a lesion was not in the intracranial cavity and abnormal uptake was not observed. We calculated the reduction rates (RRs) of IR~max~ and IR~mean~ (RR~max~ and RR~mean~) using the following method:$$\documentclass[12pt]{minimal}
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For target lesions, we defined CR as the disappearance of all target lesions, where RR~max~ and RR~mean~ were \>90%. We defined PR as a decrease of ≥30% in RR~max~ and RR~mean~, where RR~max~ and RR~mean~ were at least \>90% in one lesion. We defined SD as change that did not meet the definition of PR or PD and PD as an increase of at least 30% in RR~max~ or RR~mean~ in one target lesion. For non-target lesions, we defined CR as the disappearance of all non-target lesions and catecholamine values within normal limits. We defined PD as the significant progression of non-target lesions, including relapse. We defined non-CR/non-PD as change that did not meet the definition of CR or PD. When, for any reason, an examination was not performed, we defined the patient with the target or non-target lesions as NE. We performed comprehensive evaluation based on ^123^I-mIBG scintigraphy after ^131^I-mIBG therapy (Table [6](#Tab6){ref-type="table"}).Table 6Comprehensive evaluation based on ^123^I-mIBG scintigraphy.Target lesionNon-target lesionNew lesionCECRCRNoCRCRnon-CR/non-PDNoPRCRNENoPRPRnon-CR/non-PD or NENoPRSDnon-CR/non-PD or NENoSDNENon-PDNoNEPD------PD---PD---PD------YesPD---CRNoCR---non-CR/non-PDNonon-CR/non-PD---NENoNE---PD---PD------YesPDmIBG: meta-iodobenzylguanidine; CR: complete response; PR: partial response; NE: not evaluated; CE: comprehensive evaluation; SD: stable disease; PD: progression disease.

Eligibility criteria {#Sec13}
--------------------

Prior to enrollment in the study, patients must fulfill all of the following criteria: confirmed diagnosis of refractory PPGLs; no prior history of surgical treatment or radical external irradiation; aged ≥ 20 years; having an Eastern Cooperative Oncology Group Performance Status of 0--2 or a Karnofsky Performance Scale of ≥80%; independence in feeding, excretion, and sleeping; written informed consent; and having adequate bone marrow, liver, renal, and respiratory function, as shown below.(i)white blood cell ≥ 3,000/mm^3^(ii)hemoglobin ≥ 9.0 g/dL(iii)platelets ≥ 100,000/mm^3^ without G-CSF(iv)estimated glomerular filtration rate ≥ 30 mL/min/1.73 m^2^(v)aspartate transaminase \< 100 IU/L(vi)alanine transaminase \< 100 IU/L(vii)lactate dehydrogenase \< 400 IU/L(viii)New York Heart Association Functional Classification class I or below(ix)HbA1c \< 8.0%(x)oxygen saturation ≥ 96% at room air

In this study, we defined refractory PPGL as follows: PPGLs with severe local invasion at initial diagnosis; PPGLs with metastasis at initial diagnosis; PPGLs with local recurrence after surgical resection; and malignant PPGLs with metastasis after surgical resection^[@CR8]^.

Exclusion criteria {#Sec14}
------------------

Patients were excluded for any of the following reasons: having had malignancies of other histologies apart from thyroid medullary carcinoma with multiple endocrine neoplasia type 2, angioblastoma of the retina with von Hippel--Lindau disease, and neurofibroma with neurofibromatosis type 1 within the preceding 5 years; having a history of tumor deterioration, CTCAE grade ≥ 2 non-hematologic toxicity, or grade ≥ 3 hematologic toxicity while undergoing ^131^I-mIBG therapy; having any CTCAE grade ≥ 2 toxicity; having a verified hepatitis B or C virus antibody or human immunodeficiency virus antibody positivity; having any other infections currently being treated; having a history of episodes of severe symptoms due to uncontrollable increase of catecholamines, severe arrhythmia, or asystole; having a diagnosis of uncontrollable symptomatic arrhythmia, thyroid dysfunction (hyperthyroidism or hypothyroidism), respiratory disease, or pleural effusion or ascites; having a diagnosis of coronary artery disease, amiodarone-treated arrhythmia, severe valvular disease of the heart, aortic disease, bleeding disorder, or psychosis; being a pregnant or lactating woman or a woman planning to become pregnant; having a diagnosis for any diseases currently treated with adrenal corticosteroids or immunosuppressants; no ability to stay in an isolated room for radiation control; having episodes of allergic reaction to potassium iodide; or having any symptomatic lesions currently treated with palliative external irradiation.

Patient registration {#Sec15}
--------------------

We sent a patient registration form to the independent data center of an academic research organization at Kanazawa University Hospital. We ran patient registration between February 1, 2016 and July 31, 2017. We continued making observations until October 31, 2017.

Treatment {#Sec16}
---------

We planned a treatment protocol in accordance with the Japanese draft guidelines for ^131^I-mIBG therapy by the Drafting Committee for Guidelines of Radiotherapy with ^131^I-mIBG, Committee for Nuclear Oncology and Immunology, Japanese Society of Nuclear Medicine, and referred to the procedure guidelines for ^131^I-mIBG therapy by the European Association of Nuclear Medicine^[@CR30],[@CR31]^.

After admitting the patients to an isolated radiation treatment room, we administered 7.4 GBq of ^131^I-mIBG (ATC Code: V10X A02, National Centre for Nuclear Research Radioisotope Centre POLATOM, Poland) injection over 1 h at day 0. Because the maximum permitted amount of radioisotope agents in Hokkaido University Hospital is 5.55 GBq, one patient received 5.55 GBq of ^131^I-mIBG. Before and after injection, we noted blood pressure, heart rate, and the presence of any symptoms. We discharged the patients from the radiation treatment room when they had satisfied the release criteria set out by Japanese regulations.

Prescribed, recommended, or acceptable supportive treatments {#Sec17}
------------------------------------------------------------

Oral administration of potassium iodide was prescribed for the protection of the thyroid gland and 5-hydroxytryptamine (serotonin) receptor antagonist was recommended to avoid vomiting, whereas bisphosphonates and denosumab were acceptable for coadministration.

Second or third ^131^I-mIBG therapy {#Sec18}
-----------------------------------

For patients who had not experienced severe adverse reactions or progression of disease in 20 weeks after the first course, we administered the second and third course of ^131^I-mIBG therapy every 24 weeks until the end of study period.

Follow-up schedule {#Sec19}
------------------

The study period extended from the date of enrollment to 20 weeks after the ^131^I-mIBG injections. We collected the results of physical and blood examinations at enrollment every day from day 0 to day 4 and 2, 4, 6, 8, 12, 16, and 20 weeks after the ^131^I-mIBG injection to evaluate its safety. We evaluated its efficacy by making comparisons between baseline and 12 weeks after ^131^I-mIBG injection. We performed physiological examinations, electrocardiography, cardiac ultrasonography, blood examination (common and catecholamine), urinary examination, CT, and ^123^I-mIBG scintigraphy on the day of enrollment and 12 weeks after ^131^I-mIBG injection.

Sample size {#Sec20}
-----------

Our target sample size was a total of 20 patients, based on the precision of a one-sided 90% CI estimate of the DLT rate. More specifically, the upper confidence limit using the exact method in 15 evaluable patients and 2 observed DLTs (13%) would rule out a null rate of 33%. It is commonly considered acceptable in chemotherapy using a cytotoxic agent that DLT can occur in one-third or less of patients. Therefore, the incidence of the DLT would be allowed if it occurred in two or fewer patients under ^131^I-mIBG therapy. Because of the limited use of radioactive drugs, each of our institute could only perform ^131^I-mIBG therapy on a limited number of patients. In considering this problem, we determined the feasible number of treated patients to be 15. We determined the total number of patients for registration allowing for a drop-out rate of approximately 20%.

Statistical analysis {#Sec21}
--------------------

We included all treated patients in the population analyzed for the primary endpoint. We summarized the DLT using the occurrence rate and calculated the CI of the DLT rate using an exact method based on binomial distribution.

Our secondary endpoints included PFS, OS, and toxicity. We used the date of the ^131^I-mIBG injection as the starting point for the Kaplan--Meier estimation of PFS and OS. For PFS, we defined an event as PD or death from any cause. For a simple summary of the outcome by group, we based the PFS and OS rates on Kaplan--Meier estimates. All reported P values are two-sided.
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